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Alc~t i’act

We have stud i ed the Brili nui n ~cattering spectra of oligomers of

poly ethyl ene glycol , along with ethylene g ly col . These system s vary

greatl y in viscosity as well as molecular wei ght. We have found that

except for ethylene glycol (the monomer) , the Brillouin frequencies

and the linewidths of the rest of oligomers show more or less the same

temperature dependence , independent of viscosity and molecular weight.

These results indicate that the motion responsible for the hypersonic

dispersion and attenuation is localized . We have also developed a

theory based upon the Zwanzig-Mori formalism to account for the ex-

perimental results. We have then shown that in  order to obtain a

good agreement between theory and the experiment , the usual Markov

approximation describing the dynamic behavior of the memory function

cannot be used . Thus , the usual h~’drodyrtaniic equations with frequency

independent transport coefficients are inadequate in describing the

Brillouin scattering spectra of viscous liquids.
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1 lit roduc t ion

Modern development in  o p t i c a l  technology has made the  R a y l e i g h

and R r i l l o u i n  t i g h t  sca t te r ing  techni que very usefu l  for the investi-

gation of molecula r dynamic properties of large molecules such as poiy-

mers .1~~ In genera l , the Rayleigh and depolarized Rayleigh measure-

ments yield information on the translation al and rotational diffusive

motions of molecular segments and an entire molecule .1 On the other

ha nd , Bril louin scattering is due to the interaction of incident

light with therma lly i nduced sound waves in the medium and thus re-

flects the cooperative motion among different segments and molecules .5

Therefore the interaction between different molecules and segments is

expected to have an important effect on the Bri llouin scattering

spectrum of a polymer fluid.

We have previously reported the Brillouin scattering results of

polypropylene glycol (PPG).2’3 ’5 Prom these experimental results , we

have come to believe that the molecular dynamics which can affect

Brillouin spectra of polymeric li quids are localized motion involving

only very few segments. In order to further affirm these results , we

have carried out a systematic investigation of the Brillouin spectra

of low molecula r weight oligomeric po l yethylene glvcol (PEG) li quids

including ethylene glycol. The experimental setTip for such studies

was similar to that used for the PPC, measurement.2 ’3 We have also

car r ied  out v i s c o s i t y  measurements  and compared the Britlo n in scat-

tering results with the classical theory on the sound propagation and

attenuation . We have found that classical theory is not adcqtiate for

PEG . The vi scositi es of hu lk  pol ymer fluids such as PPG and PEG are



much higher than those of ordinary ‘imp le liquids. This is due to

strong intermolecular interactions among segments , which render these ¶
polyme r f lu ids  h i g h l y  viscous . In a previous paper 5 we have used the

Zwanzig-Mori linear response theory to analyze the Brillouin scatter-

ing resu l ts of bu lk  l iq uid polypropylene glycols (PPG). It was

shown that the second moment of the intersegmental interaction poten-

t i a l  and its relaxation dynamics have a dominant effect on the line-

width and frequency shi ft of the B r i  I lo ii i ii peak

In the present paper , we carry out a s i m i l a r  a n a l y s i s  for poly-

ethy lene glycol (PEG) liquids. To our know l edge the experimental

Bri l lou in  scattering resu l t s  of these fluids have not been reported

in the literature . We have presented the theoretical result more corn-

ple tely  here than in the ear l ie r  paper. The derivation is carried out

in terms of two coupled variables (density and velocity; or their lin-

ear combinations) . Under cetain approximations the final result in the

present paper reduces to the previous one (Eq . (26) of Ref. 5), with

which the PPG Brillouin scattering results were analyzed . The simp li-

fied equation is used to analyze the experimental Brillouin scattering

results of PEG. The least sauares fitting of PEG MW 200 to the theo-

retical expression was carried out . The result was found to be simi-

lar to t ha t  of PPG MW 425 as shown in  the  p~~v i ~us paper.

The measured sound velocity and atteniia t i on c o e f f i c i e n t  rc su l  t s

of the B r i l l o u i n  scat ter ing spectra of PEG d iner , trimer and oligomers

of average molecular weights of 200 and 400 are shown toget h er w i t h

that of ethylene glycol monomer in Pi gs. 1 and 2.  The results indi-

cate that Bril lou in data show significant dispersion near 290 K.

The Br I I m u  in scat t en iug res u ilt of the monomer i s  q u i t e  d i  ffercnt from
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the former group  of IThG , whose Br I I I  on i n  sc;u I t  e ring resu I t  S are found

virtuall y independent of molecular weight. The cause for thi s differ-

ence is discussed . We have compared the Bri llouin scattering results of

the pPG with the PEG series , and have found a significant difference be-

tween them . This difference is interpreted as due to their different

segmental mass and different degree of intermolecular interactions .

iheore I i cal Cons ide rat ion

For a polymer li quid made up of a collection of identical chain

segments , the isotropic part of the po larized Bri llouin -Ra v leig h spec-

t rum observed at scattering angle 0 is determined by the Fourier trans-

form of the time correlation function of density fluctuations , given

by

C (q,t) = <~ p ( q , t )  (1)

where ~p ( q , t )  is the qth mode of the fluctuation of density and is

given  by

6p ( q , t )  = ~ e~~~~j~~
) 

(2)
J

h ere r . ( t )  is the  pos i t ion  of sca t terer  (we t ake  i t  to he a chain seg-

ment ) at tint. t , q is the sca tt er i ig  wave vector  and is  re l a ted  to the

wave vectors of incident and scattering li ght 1w

In  E q. (2) the summat ion  over j i s  to include a l l  s ca t ter er s  within

the scattering volume.

In order to describe the Brilloui n sp ect r um , we n eed t o consider

V(q , t )  in a d d i t i o n  to the  d e n s i t y  f l u c t u a t i o n  Si (q , t )  . Here V(q , t )  is
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g iv en by

V (q , t )  = ~ v.  e~ .~~~j
W (4)

where V~ is the velocity of segment i .  If we choose q to he in the

direction of the z-axis of the labora tory  coord ina te  system ; then by

symmetry only the z-component of V (q,t) can coup le t o óp (q,t). In

r~rinci ple ~~ uieed to consider the cncrc’v fluctuation to accou n t f o r

the dynamics of density fluctuations properly, hut the inclusion of

the energy fluctuation can only affect the Brillouin spectrum in minor

ways (one of which is to render the hypersonic wave to propagate with

an adiabatic velocity, rather than w i t h  an i so thermal  v e l o c i t y , as con-

sidered in this paper) . A complete inic rosco nic theory on Bri lloui n

scattering including the energy fluctuation is presentl y in progress.

The qth mode of density fluctuations when coup led to V (q) will

give rise to two Bri ll ou in peaks in the Brillou in-Rayleigh spectrum .

The two are the Stokes and a n t i - S t o k e s  peaks  a s s o c i a t e d  w i t h  the lon-

gitudinal hypersonic wave. As shown in a previous paper , the two

Brilllouin peaks can be calculat ed by using the :wanz ig -Mor i  equation 6

using two dynamic variables and ~~~~~ , w h i c h  are de f ined  as

= ~ 
(
~~ i~ ~ (5)

where for the s i m p l i c i t y  of notation we have w’T’ressed the arguments

associated with ~ , ~p a n d V , understanding t hat they a l l depend on

1)0th ‘I afl(I t.

It is easy to show by us i rig t inc reversal symmetry that at t 0

= <~~~
_

~~~
_

*

> = 1 and = = o .



In the previous paper , we neglected the dynamic coupling between

and E~ and treated only the motio n of f and F as independent vari-

ables . In this paper we take this coupling into account , and for this

purpose , we define a column vector A consistin g of ~ and ~ as its

e lements

~~~~

= (::) (6)

The equation of mot i on for A lt) is g iven  f o r m a l l y  by the L i o u v i l l e

equation ,

A ( t)  = iLA(t) (7)

where L is the classical Lio uvill e operator governing the time evolu-

t i o n  of the dynamic  vector v a r i a h l e  A ( t ) .  W h i l e  i t  is  s t ra i gh t f o rwa r d

to write (town a formal expression for t, in terms of the kinetic and

potentia l ener~,y op era to r s  in a natty body system , in practice this is

seldom done in polymer system due to its large number of internal

degrees of freedom and the intermolecular and intramolecular potential

functions . Thus we shal l utilize only the formalistic symmetry prop-

erties of the Liouvi lle operator such as the time reversal , reflection

and t r a n s l a t i o n  symmetry p rope r t i e s , i ns tead of 4 r i t i n g  out i t s  ex-

p l i c i t  form . In i t s  forma l d e f i n i t i o n  the  L i o t i v i l l e  operator is se l f -

adj o in t .

For the set of dynamic v a n i u h l e s  A( t ~ , the ~Iori transformation

of Eq. (7) g ives.

~~~~
- A ( t )  = i ’ ? A ( t )  - I dT K ( T ~~~~A ( t - T )  ÷ F(t)

(8)

— - —-—-—--
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where t he  I r e q l l e n L v  m a t  m • i x ~ I c g I yen in t e nt~s of I

12 = ( A ) t~~~ (9)

The o the r  q u a n t i t i e s  are

K( T )  = < F( i )  F
4

> ( 10)

r ( )  = 
iQI i 1 ( I I )

F = iQLA ( 12)

w h ere Q = (l-p) , p being t he  ~~an:ig- ’hri p r o l e c t  ion onerator  de-

f ined  as

pG = <~~~~~~> < A \ > \  = <GA ’ ( 1 3)

due to the fact that <AA
4> is a unit matrix.

Subst i t u t i n g E q . (~
) i n t o  Eq. (9), we obtain in the limit of

small q,

W 0o
• 

- )o Wq (14)

where Wq = (1 2 1RZ~ = q 2 ( oun X ~~) 1 = c~
2 C1,

2 . h ere is the iso-

therma l compressibility and is related to < 1 o 0 1 2 > by

< I~PI2 > = VP 2 kT X T ( 15)

as q —
~~ 0. C

T 
is the i so t h e rm al  sound v e l o c i t y .  1

Eq u a t i o n  (14) thus i n d i c a t e s  t h a t  A ( t )  p r o p a g a t e s  with the  iso-

t h e r m a l  sound ye I oc i tv , I u s toad of the (los i red ad I aba t I c sound y e  Inc —

i tv . The reason for th l s i s  t h a t  , as m on t  j one d above , we have not  in-

c l u d e d  the energy f i t u c t u a t  i o n  t e r n u  i n  the ( a l c u u l a t  i on . S in c e  we shal l

at t he end t r ea t  Wq as a p a r a m e t e r  to  f i t  t h e  expe ri me n t a l  dat a , the

omission of the co um n h in g of d e n s i ty  to  energy  w i l l  not a f f e c t  t he

- J
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i n t e rp r e t a t i o n  of t h e  Rn lion in  dat a to he given in t he  nex t  sec t  i o n .

The m a t r i x  K ( T )  is  known as the memory fu n c t i o n  m a t r i x .  tJpon

the suihst itut ion of E qs .  (5) and (6) i n t o  E q .  (10 )  and a f t e r  ca r ry -

ing out the  necessary matrix multiplication , we find for the memory

function ,

K ( T )  - K ( T )
K ( T )  = (16)

- K ( r )  K ( T )

where for small q

K(r) = ~ { < [e~~ ’(iI~V ) ]  [ i I \ l  > - (.~~~~) ( 1 7 )

For b r ev i t y  we have used V for V , and e~
t
~ for 01QI~T The latter

si mp l i f i cat ion i s p o s s i b l e  fo r q —~~ 0. 1 At t = 0 it has been shown

in Appendix II of Ref. S that K(0) in the small q l i m i t  has the ana-

lytical form :

K( 0) i ~ <~~~- _ ~~~~~~~~ -~
_

~~- (Z~ _ Z~)
2>+~~

_’~ q
2 - W

q
2 }

- 

(18)

where Ii is the total potential energy of the system . The first term

of Eq. (18) can he shown to be positive and greater than One

can eas i ly  recognize that  t h i s  term is p ropor t i ona l  to the spatial

second mome n t of the  i n te rm o l e c u l a r  and intersegmental j)otential

energy in the Z direction .

S u b s t i t u t i o n  of Eqs .  ( 6 ) ,  (14) , and (16)  i n t o  the  g e n e r a l i z e d

Lange v i n  equa t ion  (Eq . (8 ) )  g i v e s  two coupled k i n e t i c  e q u a t i o n s :

= ± w~~~~( t)  - ~
t F K ( T ) ~~~( t~ T)  - K(T)r

f~
t-1 fldT + F4 ( t)

( 19)

II

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  A



where  F 4 ( t )  are the fluctuat ion forces me t ing on the  s low v a r i a b l e s

( t  ) . The two  coupled h m e t  I C equ at  ions  can  he solved by the method

of L ap l a c e  t r a n s f o r m s .

The nuemorv f u n c t  ion (-r ) i s  t h e  t lin e c o r re l a t  ion  f u n c t  ion  of

f l u c t u a t  ion for ces  and sh o u l d  a l w a y s  decay to  zero as t i m e  goes on .

We have  d i s c u s s e d  i n  R e f .  S t h a t  t h e  t i me dependence of K ( T )  can he

app rox ima ted  as an exponen t  i a l  d e c a y i n g  f un c t  ion w i t h  co r r e l a t ion

t i m e  -r

KLr ) = K(0) e (20)

we deno te  Ft ( s)  and  K ( s )  as the  Laplace t r a n s f o rms of F 4 (t )  an d K ( t )

r e s p e c ti v e ly , and a l s o  d e n o t e s

Tj s) = <~~~(s)  ~~~~( 0 ) >  (21 )

I I s )  = < r (s)  ~ ( f l ) >  ( 2 2 )
‘ 4 +

From Eq .  ( 1 )  and the definitions of F~ ( E q .  ( 5 ) )  one can show t h a t

the  l i g h t  s c a t t e r i n g  spec t rum due to d e n s i ty  f l u c t u a t i o n  i s

1 (w) = Re [I ( s )  + 1 ( s )  + I (s) + 1 (s)~s— ~ iw 
— -

where  Re denotes  t a k i n g  t he  r e a l  pa r t  a f t e r  s i s subst i t u t e d  by
5 -

~~~~ 
i ( ~)

j üJ .

Solution of Eq. (19) u s i n g  E q .  (~~0) for k~~T) yields the following

r e s u l t s :

1 (w) 1 (w) + 1 (w) 1 (w) + 1 _ 4 (w) (23)

- - A
I f 1’~) 

= 

~ I - A , 7 + I I r  - N B 4 ( 2 4  I

A



• 

-

- ( 4 . N )  ( - -  i - N)  - MN ( 4 ~~4 4 1  - N)  -~ tN b -  i - N)
I , H )  = - - - -  - - - ‘ I 

- - -  -

(25)

where

A 4 = (26)

( M N - )  ( N - , . , I ‘-
~ N

‘~~4 
- - 

(27 )

K ( U )
N = 1+ 1 - : -  (28)

R

K ( (1

N = i -;-, - — (29)
R

= (‘I-~— \ )~I + 2 ’ I N ( N  — ~q ) (30)

I = ~t - ( N  - •~~1
,~~) ~ (31)

where N and N are the ml and i ~‘ i ; m m ’  I um i ry parts of K( I I )  , respec-

tively. In reaching the results of (o. (25) , we have neglected an un-

important term which appears in the denominators . Since the ~~~~~
terms contribute much less to the total spectrum than the 1 4 (w) ternus ,

the neglect of the unimportant term i n  1 4 (
~ ) is justified as far as the

calculation of the total Br ill ouin sp e c t r u m  i s  concerned .

In the temperature reg ion where Kr
R
2<<l is valid , A÷ and 8÷ terms

of Eq. (24) are much smaller than the other terms , and l~jw) gives a

m a x i m u m  spec t r a l  i n t e n s i t y  around w ± (Iw ! + NI). From Eq. (25)

one notices t h a t  1 (w) is identical to 1 (w). They give rise to

a spect rum w i t h  a much broader b a n d w i d t h  t h a n  t h a t  from T~ (w) . These

t e r m s  have  an i n t e n s i t y  m a x i m u m  cen te red  at  w = 0. h owever , the  spec-

t r a l  w i n g s  of I , *)  i n  the  v i c i n i t y  of w = ± ( I W q I + NI) are n e gl i g i -

h I  e compared w i t  hi I 
, I w)  

- - - -~~~~~~~
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The I terms as g i v e n  i i i  E q .  ( 2~~) represent the dynamic

coupling ot t he two phmonon iuiotk-s w i t h  O~~~ 0S i to velocit y. This term

is important to account for t h e  shiane of the entire Rrillouin -Pav-

lei gh spectru m , as it ~~~C l S  e m  ~ t o  a ~ ‘ect ruin centered at  zero  f r e

qt men cv , :is pni n t (‘( I n u m l  I U t lie I ‘ ; m  C I l e  u- pa pi’ r. I htiwe ve r , ilc~ n i t  e t hi ’ tire —

sence of I , ( , )  , we have f o uumni t m a t I 
• 

( )  , s i th th e A , and B , term s ne—

g 1 ect ed , 
~ 
in ci des  an a d eq u a t e  ace  nu n t  t o e  the t empera ture  dependences

of the  Rn 11 oui n I i  n e w i d t h  and t h e  f re quency shi ft. ‘I he s in u p l i t t  ed

spectral function s as g i v e n  by  the  1 , (~) t e rms  were  used to a n a l y z e

the Brjlloujn data of PPG in the earlier paper. We now use the same

spectra l f m u n c t  i o n  , coup led  w i t  Ii the least squares fitting procedure

to anal v:c the PEG Br I hloul U s e a ?  t I l l  ‘i i ~ r e s u m  Its

I)iscussion of the Experimental

Resul ts of PEG Br ii lou  i n  Scattering

The m easur e d  Rd 1 b u m  sh i f t  i n  h e r t z )  is related to the b y— 4

personic velocity V 5 by the  equ a t i o n :

V = f
B
A
O
/2nsin(~) (32)

where ) is the wavelength of the  i n c i d e n t  l i g h t  in vacuum . n is the

index of refraction of the scattering medium . r~ is the scattering

angle from t i-m e incident light. ‘rho attenuation coefficient (cu X 5) over

one wavelength of the hypersound is expressed as

= B/f
1~ (33)

where  r 1~ is t he  i n s t  r u m m e n t  co r r e c t  cit  Rn  1 lo u  in  spect  r a l  f u l l  w i d t h  at

• h a l f — m a x i m u m  i n t e n s i t y . is tb . usave length of the hypersonic wave

• • —~~--------- - - -  --~~~--
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and is given by

= ( 3 4~

lime exjiet’ i iimeiutu l results of \ :u nd • - of et h y l e n i ’  g l v c o l  (m ono-

me r ) and PEG d inu er , t r i f l e r , and  p o ly m e r s  of MW 200 an d  ~~ 40( 1 at  90~

scattering angle are presented i n  Figs .  1 and 2 as functions of temper-

ature. Except for the ethylene u~1vcol resul ts , the  (IA and V results
5 S

~or t” e o th e r  o 1i ’~or ’ers are  v irtui:m i )v inc ~enendent o~~ molecular weigh t.

\s no in t e L ! o :u t  in t’ie i r u t rr) ’ll ct i 00 . ~
1iC s;’°e ~~) I c’cui ! ar w e l  c’ht i fldeu)en —

deu c e  %-a s  ~‘ t s ~~ o’i si ’ I t ’e, ’ Cor t~ i :  P!”~ series. ~ since t m le Rn  I l o i m i n  scat-

tering spectrum of a v i s cous  f l u i d  Is greatl y influenced by the inter-

molecular and intersepmental interactions , the distinctive ~ ) results
5

of ethylene ~ lycol indica te that the dynamics of the intermolecular

interaction of the monomer is quite different from the other members

of the series. The difference is most likel y due to its short molec-

ular dimension and the presences of dominant hydrogen-bond i ng inter-

action with neighboring molecules.

l)espite their different molecular weights , we have found that all

of the PEG samp les under the present stud y, have practically the same

index of refraction (to within I~ of error) . Thus , according to Eqs.

(32) and (33) , the same index of refraction implies that the Bri llouin

f r equency  sh i  f t  and tile liute w I dth are practi call y the same for all of

t h e  h’H~ 
- ui ple ’; o f  ill f I~~i- c iut  ruto l e c u m l a r  wei gh t s .

A et n ,il l ump I n t I l l  N a t ’  I e n  - N t oh es ‘~I u la  t ion , I he Iuvperson I c cc lou it ~
‘

depends only on a d i a h ut Ic c o mp r e s s i  h i  I i  t e  , m m m d  t h e  attenLma t ion coeff’i —

cien t (or I i fl ewi (It 11) Ofl b y on the stat i c ~h c ; u r  and hulk V i s c o s i t ie s .  I-o r 

—~~~~~~~ 

- 
- - -
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the PEG -
~ 

I em , t h e  s t a t  i c shear v i ~~~~ i ty  changes  markedly with t em-

perature ; the s t a t i c  h u l k  t I  Scils I ty which is inure or less proport i oiial

to the shear viscosity also c h a n g e s  rap idly with temperature. Thu s

the c las si c a l  t heo ry  of’ sound propagat i on and at tenuat ion cannot he

used to descr ibe t I m e  h y p e r s o n i c  pro p aga t  ion and at t count ion behavior

1 t i s  flow re co gmu i :t’d that ti me a c o u s t i c a l  t n ’ ! m a v i o r  of h i g h l y  t ’is—

COi l s 1 m i t I m  I s  &Ii ’pt-i utl . he p m ’ o d u m L - t  o f ‘~omund frequ ency and tile V l  sco~ —

i t  v ( i . e . , f
1~

r 1 )  ami d  no t  o u m t h e  pa u - a l e t ers SI-I t eat el . I or t im is reason

w e h a v e  unea suired the v i c ens I t  v of  et t u e  I cu e  g lv C I  antI a ll of the mont-

hers of PE G s tud i ed . IVe h a t e  p l o t t e d  t h e  h yp e m ’son i  c v e l o c i t y  (V )  and

attenuat ion coefficient (~~~) )  a s a t’unct ion of f 1~
q in  Figs. (3) and (4)

r e sp e c t i v e l y .  In  t e rms  of such p lo t s , V and t~ separate into differ-

ent curves for d i f f e r e n t  PEG m embers , due t o  t i l t ’ f a c t  t h a t  each mem-

ber of PEG has a different v i s c o s i ty  a t  a g i v e n  t emperature . At a

f i x e d  
~B °’ the monomer g i v e s  the l argest V. However , the functional

dependence of mA on is more complicated . At low f8r1 value

150 GIlz cp), corresponding to the hi gh temperature situation , rtX

is independent of molecular wei ght . Beyond this value ciA incl eases

with increasing degree of pol ymerization , with some anomaly observed

for the monomer result. The velocit y data approach plateau values

at large f
B

rt for each oligomer , whereas mA d e e m  ;ISCS gradually at

l a r g e  
~B °•

Doubtless to say, the f
B

rt dependence of V and rz~ is due to time

structural rolaxat ion effect t a k i n g  p l a c e  at the hypersonic frequency

r e g i o n  i i i  P E G .  A s s u m n u i ng that the ‘~t r u i r t u m r ~u l  relaxa t i O n  t i m e  i c  p r opo r —

io il;i I to t tue shear viscosity, ~~~~
- l u a v i . t r m u’d t o  i u m t e r p r e t  our  r e s m i  I t s



_ _ _ _ _  =~ —~~~
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L m c L or t t  i ui g t o  a re h a x at lull t l l i i l l v  i-I ft~ ’ iIt by I I - l i n t  1~ l U l l , 
/ m u d

h o u n d  t f i a t  t Iii ’ ui ~! ax at I u m m  I I m t  i j V  )~ ~ I i c t s 1 (10 St l O l l ? ’  a de~ cnJi’uiec

of V amid - t  on 
~~~~ 

m t  1 a m’ge

We t h u s  f i t  , w i  t i m  t f i t  I i i ) ~) of  a I i : t L t  - Si~~l L i 1 t - - -L progl’aufl , t h e  cx —

pe’ r i m uu t’ m mt a l r e suu lt s of the frc q ulcuml -v -- i h i  f t  a m id  1 mmmcm. i dth to the t’alumcs

genera ted from the spcct m’al funct b u s  for Ri’ 11  lou in scatti- rin g as

• given in Eq . (24). Neg lec t ing  t he •-\ and B f term s , we obtain from

Eq. (24),

1(1, ) = 
~i? + k~~W

q~ N l 7  
+ 

~1- ~ + [~~+~ l
q~~N 12 

( 3 5)

I n  t i m e  t e ; u s t — s q m m a u -es fit ting , t~e f i r s t  generated the whole Rn I b u m

spec t rum us i umg E q , (35 I . ihe I r~~~ticumcy sh i ft of peak max i nun and

1 inewid th ‘ f  the generated .;pi- ct ruin were then r ead and compared w i th

the  e xp cr  i nue n ta I va I ues , The d i  f f e r en c e  be tween  the theo ret i ca l  and

exp e r iuume nt ii l values is then m iml im i ze(I with the least—squares fitting

program . ‘Ihe temperature dependence of the r e l a x a t i o n  t i m e  asso

ci ;uted with ti me memory funct i On is assumed to follow the Arrhcn iui s

cquat  I o n

exp (E 1 / ki ) (36)

where F IS the act ivat ion energy for the t ’ e l a x at  ion  p rocess  of t h e

second moment  of I u m t e r s c g u n e n  t a I I n t e r a c t  i o n  pot  e im t  I a I . ~ In t he  1 e;us t —

~q~~~ ’es f i  tt i mi g p r o g r a m , th e r e  a re  t h r e e  ~md h ist ahb e paramet em’s : t ime

in i t i al v u  l ime of unenlory fuu nct i on  at t = 0 , k ; the act i v a t  i on  e lm ei’g y

I ; and th e  r e l a x a t i o n  t i m e  a t  i n f i n i t e l y h i g h t e m p e r a t u r e  (see

E q .  ( 3 k ) ) .  ‘lhe result of the l e a s t — s q u ares  f i t t i n g  i s  shown i n  F i g .
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S • ii l o i m g  w i t  Ii l i i i ’ t ’ x p e i ’ i m l u c m i  t a I I t - S l i  I t

‘l im e fitt ings were carried out i n  two cases: 1) Ul
q 

indep endent of

t emperature and 2) a l’uu nct ion itt t eunpt i’;itture . l i m e  latt er ia5e

represents a more realis tic situation. With fixed , the fi tting to

the linew jdth data is excell ent , however , there are deviations in the

calculated frequency shifts from their expeninmental data at both high

and low temperatures. As pointed om it in the previous paper ,5 u , be-

i mig proportional to (in 
~ 

I s t eunpe r a t ur e  dependent  and is larger

at lower temperature . If the temperature dependence of W
q 

is included ,

the calculated frequency shift values are significantly improved at

both low and high temperatures. Since  the functional form of the tem-

perature dependence of W
q 

is not available , to demonstrate this point ,

we simp ly assume that the temperature dependent function for (li
q ~ S

nm 1 mum~ m~
ii) = ~~ 

° + — —  + --- - + ~~-— (37)
q q T T2 i~

where W
q
0 

is the value of um
q 

at infinite high temperature , and nui

m~ , and rn- u are adjustable parameters . Using Eq. (37), we have found

that the fittin g to the linewidt h data is virtu a ll y unchanged , hut

the fitting to the frequency shift data becomes excellent at all tern-

peratures . The improvement of time fitting to t h e  frequency by allow-

ing w to he temperature dependent does not change the K , E
1 
and

values si gim I fi cant ly. ‘l ime oht a i ned hest va lui es for these three para—

meters are K = 13 (GIIz) 2 , E = 1 , 11 heal/mole and 
~R
° 1.56 x 10 1 1 4

sec for w fixed , and K = 14.2 (GIIz)’~ E = 3.58 kcal/mole and T =
• q ii R

3 .0  x l0~~~ sec for uq 
being t emperatum ’e dependent. The difference in

the values of activation energy is Iu’ ~ :, th~’n l5°~, w h i c h  i s  about the

--
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order of time usual error  i n  I he act i va ti omi cue rgv m mu e a s t i  r& ’Iluunt

As in the least -squares fi t t  ing  of the  PF ’ G (t at  a , time obtained K

value is a fraction of u
q
2. Uowever , the acti vation energy, E , is

found sl igh t ly smaller than that of PPG.5 Qualitat i vely this is ex-

pected , since PPG has an extra methyl group for the side chain , whi ch

will incrase the hindrance against til e motion of each segment . Never-

theless , the general characteristics of the results obtained for PEG

by time least-squares fitting are similar to those of PPG. Thus the

discuss ion  of time previous  pa per  on i’PG app l i es equall y t~el I t o  tIme

I I  ITS (‘lit C I 1’ .

A common lea tm m r c cml tim e I’EG -ACT I es st m ud I ed jim time ~rcv ion s  ~~iI p C  r

and the PEG series of the present  study is their large viscosities ,

compared w i t h  f l u i d s  composed of s i m p l e  m o l e c u l e s .  I n  F i g .  I of the

previous paper , we have shown that time ll ri ll ou in scatterin~ results

of the PPG samp les are virtually independent of their viscosities ,

Thi s i s al so the  case for t im e PEG series . TIme h i g h viscosity of tim e

polymer f l u id  i n v a l i d a t e s  the N a v i e r - St o k e s  e q u a t i o n  used for the

Newtonian fluids. 8 As seen from our theoretical analysis , tim e memory

func t ion  is charac ter ized  by the  s p a t i a l  second moment of interaction

potential between segments and i t s  relaxation dyaami cs. flue to the

strong intersegmental interaction , time memory fuinct ion cannot  l)e re-

placed by a relaxation parameter mu l tiplied 1w a delta function gener-

a! ly  known  as t h e Ma rk ov approx i n u a t  i on .  In  t lie present theory , time

convol mi t ion  form of t h e  rnenmom ’v I mmimc t ion aru ti t i m e  d y n a m i c  van aim ! es i s

pre’o ’r~~’t I .  ‘I’ I m i s  t’ca t umr ’ , m i t h o is i t  u t o l  w e l l  r i ’ c m t g u l u .‘cd , i s  f~cl I e v e l  to

---

~ 

- -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~ -~~~~~~~ - - -~~~- - - - - -~~----- ~ _ _ _ _ _ _ _
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be very important for describing the structural relaxation process

tak ing place in tile hypersonic frequency region. To he more specific ,

the imaginary part of the Fourier tran sform of the memory function

(the N function given in Eq. (29)) is very important to account for

the dispersion of the peak frequency , and the real part (H as given

in Eq. (28)) for time maximum in the linewidth.

In Frenkelm s hole theory of liquids ,9 molecules are considered

to move con t inuous ly  in to  the vacancies wh i ch are proposed to exist

in a viscou s liquid. Based on t h i s  hole concept , Isakovich and

Chaban 10 have modeled the hig im ly viscous li quid as a micro-ir ihomo-

geneous medium to exp la in  the sound a t t enua t ion  at t ime hypersonic

frequency reg ion . A micro-inhomogeneous medium is one which consists

of two ui Immu re I u m l uo mi mogeneo m i c  r e g i o n s , t i le d i m e n s i o n s  of wh i ch are as-

sumed to he S:ifl ;l J 1 compared to t i me  wave  l e ng t h  of sound . They have  as —

sumed t h a t  upon t ime  passage (ml senumid waves an excimange of energy be-

tween different regions in time micro -inhomogeneous medium occurs . The

energy exchange is considered to be due to mutual diffusion of holes in

different regions . Our present theoretical analysis does not assume

such a model. It is shown timat the initial value of tim e memory func-

tion is chaructenized by the spatial second moment of the intersegmen-

tal interaction potential. The ranid notion of a chain segment from

one position to armother is respo imsible for the decay of time memory

function , and also causes a local reorgani zat  ion of the  s t r u c t u r e  i n  a

polymer I iqu id . T h i s  microscopic p icture is implied jim I sakovich aimd

Chahan ’c model of ctruc tu irni relaxatio n in a lmi ghly viscou s liquid ,

‘ hut  t hey do not  I rmc I tide the meuum cm u’s’ ef feet  i n  time ca Icum 1 at i on. Time pr’ —

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -- -  - --~~-‘--~~~~~~~~-
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sent  timcory is developed on timt’ h u , I s  of t h e  Z w a n z i g -M or i  f o r m a l i s m ,

and allows one easily to i’el ate t h e  pheimomenological quantities in

term s of a microscopic P i c t u r e  a s s o c i a t e d  w i t h  the physical system

under st ud y w i t h  a m i n i m u m  of s u b s i d i a r y  a s sump t ions  about the na-

ture of the system . Time present microscop ic timeory , thus , serves to

provide the Isakovich and Chaban phmenomeno logica l theory with a more

satisfactory statistical foundation .

Summary :m mmd Conc ins ion

We have stud ied the Bri l louium spectra of PE G , a long  w i t i m  e thy lene

glycol. These systems along wi tlm PPG vary  greatly in viscosity as well

as molecular  wei gh t .  We have found t h a t  except for monomer , the Bril-

b u m  frequency and the linewi dth of PE G are insensitive to viscosity

and molecu la r  wei gh t .  These r e s u l ts  i n d i c a t e  t imat the motion respon-

sible for the hypersonic dispersion and a t tenuat i on is localized . De-

spite some difference with respect to the temperature behavior in the

relaxation time associated with memory function , the PEG results

closel y resemble those of PPG.

We have developed a theory on the basis of the Zwanzig-Mori formal-

i sm  to  account for tim e experimental results. We have then shown t h a t

in order to ob t a i n  a good agreement between theory  and tim e experiment ,

the usual Markov approximation describing the d y n a m i c  behavior  of the

memory f u n c t i o n  ca n not he used . ‘t hu s , the usual hydrodynamic equations

with frequency irmdcpendent transport coefficients are inadequate in de-

scribing Bril louin scattering of viscous liquids. Further studies of

B r i l l o u i n  sca t t e r ing  Spector w i l l  d e f i n i t e l y  provide  usefu l informa-

t i o n  abou t the dynamic  s t ruc tu re  of t h e  l i qu i d  state. 

~~~-- -—-- ~~ - —-- ‘- --
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Figure_C~~mt ons

Figure 1. h ypersonic v e l o c i t i e s  of e t im ylene  g l ycol (0)  and PEG

dinner ( A ) ,  t rj mer  (c) , 11W 200 (~~) aimd MW 400 (0)

as a function of temperature .

Fi gure 2 . Uypersonic a t tenuat ion c o e f f i c i e n t s  as a f u n c t i o n  of

.temperature (symbols are the same as those in Fig. 1).

Figure 3. Hypersonic velocities as a function of f’
8n (f

8 
is time

hypersonic frequency and n the shear viscosity; other

symbols are the sam e as those in Fig. 1).

Figure 4. h ypersonic a t tenuat ion coe f f i c i en t s  as a funct ion  of f
B

rn

(symbols  are the same aS those in F i g .  3)

Figure 5. Comparison of the calculated and the observed Brillouin

peak frequency and linewidth data as a function of tern-

perature. The solid line is obtained for °q 
being tern-

perature dependent ; the dashed line for fixed °q~

~

---- - ---~~~ -~~~~~~- - - -
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